This letter reports on the micro-patterning of the photosensitive protein of bacterioRhodopsin (bR) geared toward bioelectronics-based image sensors. bR proteins are denatured by existing micro-fabrication processes, including destructive high-temperature (> 100 • C) heating and organic solvent cleansing. In our process, the desired area of the electrode for immobilizing bR is defined by a hydrophobic polymer that repels bR. After micro-fabrication, bR is selectively formed on the defined areas using electrophoretic deposition. A 5-µm patterning resolution was achieved. An 8×8 photosensor array was fabricated, and its output electric charge was detected.
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Introduction
Recently, bio-electronic devices utilizing biomolecular motors, [1] proteins [2, 3, 4] and DNA [5] as their functional materials have attracted much interest because of their sophisticated nano-scale mechanisms. Among bioelectronic materials, the photosensitive protein of bacterioRhodopsin (bR) has enormous potential to realize artificial photoreceptors and robotic eyes [2, 3] because bR is highly structurally stable [2, 3] and has a high quantum efficiency [4] . To achieve these applications, especially image sensors, micropatterning of bR-sensing site arrays that range in size from several micrometers to hundreds of micrometers is essential. However, conventional microfabrication processes consisting of photolithography and etching cannot be applied for bR because bR is not an inorganic material but a biomaterial, thus it is denatured by high-temperature (> 90 • C) heating and its structure is broken by the alcohols used for cleansing photoresists [6] . Thus, most previous studies report on the improvements of bR photosensitivity with chemical treatments or new device structures [6, 7] , whereas studies on image sensors have been few due to the difficulty of bR micro-patterning [2, 3] .
The aim of this study is to develop a bR micro-patterning process to fabricate a bR photosensor array without using organic solvents and heating. In the developed process, the desired area of the electrode for immobilizing bR is defined by a hydrophobic surface and the undesired area of the electrode is covered with the hydrophobic polymer Cytop, which repels bR. After the micro-fabrication process, bR is selectively formed on the defined areas using electrophoretic deposition because bR is negatively charged in the neutral pH solution [6] , and the positive potential moves bR and deposits bR film on a substrate. The advantage of this process is that microfabrication is not processed after bR deposition, which prevents bR from denaturing. bR patterning resolution with this process was investigated. The electric potential for electrophoretic deposition was optimized. Finally, an 8 × 8 photosensor array was fabricated, and its output electric charge was detected.
Patterning process using electrophoretic deposition
The developed process is detailed in this section (see Figure 1 ).
(1) The Indium Tin Oxide (ITO) electrode on a glass substrate is patterned to fabricate the electrodes of the image sensor. ITO is commonly used for detecting bR response [2, 3, 6] .
(2) The ITO layer excluding the sensing site is covered with the hydrophobic material Cytop. Fig. 1 . bR patterning process using hydrophobichydrophilic surface modification and electrophoretic deposition.
(3) The bR solution (1 mg bR powder in 1 µl water) is sandwiched between the fabricated substrate and a counter electrode. A direct current (DC) field is applied between the electrode and the substrate for the electrophoretic deposition. The substrate has a positive potential because bR is negatively charged [6] .
(4) The counter electrode is removed, and the bR solution on the Cytop is washed away.
Evaluation of bR patterning

Patterning resolution
The required patterning resolution for conventional image sensors ranges from several micrometers to hundreds micrometers. However, because thousands of bR molecules exist together in a membrane, the minimum size of the sensing sites was determined based on the bR membrane size, which ranges from 0.5 to 1 µm [6] . Thus, the minimum size of bR patterns is around several micrometers. bR itself is a nano-scale structure but exist in membranes, where a number of bR gather. We experimentally investigated the patterning resolution of bR sensing site with our process. We prepared substrates with 500×500, 100×100, 50×50, 10×10, and 5×5 µm 2 sensing sites on which bR was electrically deposited. The deposition time and applied DC field were 60 seconds and 56.5 V/mm, respectively. Figure 2 (a) shows that bR was deposited only on the sensing sites that were 5 × 5 to 500 × 500 µm 2 . The bR is deposited only in the defined area and not in the undesired area covered by Cytop film. Thus, the size of sensing sites fabricated by our methods met the requirement for image sensors. In addition, the patterning resolution of our method reached down to the size limit of the bR membrane. Fig. 3 . patterned bR array and photoelectric response.
Optimal condition for electrophoretic deposition
In our process, bR was deposited by applying an electric potential, and its optimal condition was examined. The bR solution was sandwiched inside the gap of 76 µm between the patterned ITO electrode and the counter electrode. DC voltages ranging from 0 to 4.2 V were applied to the electrodes by a DC power supply. The resultant applied electric field is 0 to 60.9 V/mm. The applied duration is fixed to one minute. The deposited bR films are shown in Fig. 2 (b) . For applied electric fields from 0 to 56.5 V/mm, the film was not formed on the ITO because enough potential to move bR is not applied.
At an electric field of around 56.5 V/mm, the bR film became purple. Above 58 V/mm, parts of the film became black because electrolysis of ITO in water occurred, and the bR film was contaminated with the decomposed ITO. The photoelectric response was also evaluated by detecting the generated electric charge of the bR. The detailed structure is described in section 3.3. Light with an intensity of 11 mW/cm 2 was illuminated on deposited bR films, the output charges are shown in Fig. 2 (c) . The film deposited with the potential of 56.5 V/mm generated the largest electric charges. Therefore, optimal applied voltage for electrophoretic deposition was 56.5 V/mm.
3.3 bR photosensor array and photoelectric response measurement Finally, we fabricated a bR photosensor array and used it to detect light. The fabricated sensor array measured 1 mm × 1 mm and contained 64 sensors. Fig. 3 (a) shows the fabricated bR pattern (an 8×8 array). The part of the bR sensor sites exhibits different color, such as blue. Tuning the applied potential to each site will improve the uniformity of the bR because the high electrical resistance of the ITO decreases the applied potential to the bR solution and causes the unevenness of the bR films. On the other hand, the magnified photograph shows that bR was deposited on the sensing site and not on the wiring of the photosensor array. As shown in Fig. 3 (b) , the photoreceptor was composed of the fabricated bR array, KCl solution (pH = 8), and an Au counter electrode. The response was measured with a charge amplifier. When light was illuminated on the sensor, and an output electric charge was detected. Fig. 3 (c) shows the induced electric charge. The patterned bR film could generate electric charges for photo-sensing.
Conclusion
We developed a bR patterning process using electrophoretic deposition. The bR films could be patterned in an area as small as 5 × 5 µm 2 . The optimal voltage for electrophoretic deposition was found to be 56.5 V/mm. The 64 sensor array with the sensing area of 1 × 1 mm 2 was fabricated and was demonstrated to generate electric charge. Therefore, our process provides a technique to process bR in bR image sensing systems.
